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ABSTRACT
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SPh OH Y
X/Y = H/F, F/F R =sugar, non-sugar B-C-galacto-pyranoside

-C-galacto -Pyranosides with CHF and CF , substitutes for the glycosidic oxygen were prepared through a four-step sequence starting from
a central 1-thio-1,2- O-isopropylidene acetal alcohol and different  a-fluoro- and a,a-difluoro acids. The key step in the synthesis is the
oxocarbenium cyclization of an intermediate enol ether-thioacetal to a C1-substituted glycal.

ExactC-glycoside=2, analogues oD-glycosidesl in which are likely to be less accurate mimetics in cases where the
the glycosidic oxygen is replaced by a methylene moiety, glycosidic oxygen acts as a hydrogen bond acceptor. Recep-
have attracted attention as hydrolytically stable mimetics tor binding could also be adversely affected by the greater
of their parentO-glycosides (Figure 13.However, the flexibility of C-glycosides with respect to the intersaccharide
bonds3~5 Against this backdrop, we were interested in

s C-glycosides such a3 and4 with one or two fluorines on

HO _OH HO _OH (1) ForC-glycoside reviews: Postema, M. H. D:Glycoside Synthesis
E ;o g;o HI CRC Press: Boca Raton, Fl, 1995. Levy, D. E.; TangTRe Synthesis of
HO Osq HO R C-GlycosidesPergamon: Oxford, 1995. Beau, J.-M.; GallagherT®p.
OH OH H Curr. Chem 1997 187, 1-54. Togo, H.; He, W.; Waki, Y.; Yokoyama,
1 O-galactoside 2 CH, linked -galactoside M. Synlett 1998 700-717. Du, Y.; Linhardt, R. J.; Vlahov, J. R.
Tetrahedronl998 54, 9913-9959. Postema, M. H. D.; Piper, J. L.; Betts,
HO _OH HO _OH R. L. Synthesi2005 1345-1358. Yuan, X.; Linhardt, R. JCurr. Top.
o go i Ho go Fl Med. Chem?2005 5, 1393-1430. Levy, D. E. InThe Organic Chemistry
o FR o R of SugarsLevy, D. E., Figedi, P., Eds.; CRC Press/Taylor & Francis: Boca
. ) Raton, 2005; p 269348.
3 CHF linked -galactoside 4 CF; linked -galactoside (2) For examples of relative activity ab-glycosides and their exact
. . C-glycoside analogues: Acton, E. M.; Ryan, K. J.; Tracy, M.; Arora, S. K.
Figure 1. O- vs C-glycosides. Tetrahedron Lett1986 27, 4245-4248. Wei, A.; Boy, K. M.: Kishi, Y.J.
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the pseudoanomeric substituéhGiven the electronegativity || | | | N N NN

properties of fluorine, such structures may function as closer Scheme 1

mimetics of O-glycosides, compared to the unsubstituted o omaoes 0 oteDPS o oreoPs
methylene analogués.In this context, the CFmoiety has >g$,o+| X ig% &&Lo X
been considered an electronic isostere of oxygen. However, 1 Hooc’ﬁ;n < 1o "< sph/)/i;ﬂ
the generality of this tenet has been questioned, and it has 5 6XY=HFFF 7XY=HF FF 8 XY = HF, FIF
been suggested that the CHF group may be a closer isopolar n

substitute for oxygefhi®Fluorine substitution on the pseudo- o ,OTBDPS 0 _oTeops
L, > M,
Y

anomeric carbon substituent could also have a pronounced
influence on the conformational behavior about the intersac-
charide torsiond! This situation is analogous to distortion

of the natural conformation of the sugar residue in nucleo-

sides by introduction of a 2-fluoro substituéAtThus,  ethers, via an oxocarbenium ion cyclization. Precursors such
C-glycosides with one or two fluorine substituents on the 358 could be assembled in a convergent fashion through an
pseudoanomeric carbon are potentially useful mechanisticesterification-methylenation sequence starting from the
probes for interrogation of carbohydrate recognition. Herein 1-thio-1,20-isopropylidene alcohds and different mono-

OH Y
10 X/Y = H/F, F/F 9 X/Y = H/F, FIF

we describe the synthesis of such fluorinafe@-galacto- o difluoroacids6. Because the original methodology was
sides. _ _ _ applied to systems which did not contain an electronegative
An obvious strategy foC-glycosides such a3 and4 is substituent in the eventual pseudoglycosidic position, there

the reaction of alcohol and keto derivatives with fluorinating was some concern that the presence of one or more fluorine
agents?® Although several methodologies to synthesize these substituents in this location could have deleterious effects
precursors have been developettie fluorination of such  at different stages in the synthetic sequence, in particular,
highly substituted substrates can be problematic. A conver- gn the oxocarbenium ion cyclization (i.8;~ 9).15 A second

gent approach in which fluorine is introduced in simpler jssue that had to be addressed was synthesis of more complex
precursors is potentially more general, and in this context, examples of the fluorinated acid precursérs

we envisaged a variation of our previously reported Acid precursors6, for several biologically interesting
glycoside synthesrg‘.Accord|_ngly, a fluorlnated}glycosme_ C-glycolipids® C-disaccharided’18 and benzylicC-glyco-

such as10 may be obtained from the stereoselective sided® were required (Table 1). The monofluoride acid
hydroboratior-oxidation of the Cl-substituted galacdl  precursors were used as a mixture of enantiomeric or
(Scheme 1). The latter is expected from the thioacetal-enol giastereomeric fluorides, with the anticipation that the
@F o wher®. and C.alveosides bind i different corresponding epimeric fluor@-glycosides would be chro-

or an example wher®- and C-glycosides bind in differen . . .
conformations with respect to the intersaccharide torsions: Espinosa, J. F.;matoqr""‘phlc‘?"IIy separable. 2-FIu_oro_hexan0|c &eit? was
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Chem 1993 58, 2272-2281. Nieschalk, J.; O’'Hagan, D. Chem. Soc., Tetrahedronl1997, 53, 6163-6170.
Chem. Commurl995 719-720. (17) Hiruma, K.; Kajimoto, T.; Weitz-Schmidt, G.; Ollmann, |.; Wong,
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to electronegative substituents is well documented. For recent examples:Kanie, O.; Wong, C.-HJ. Org. Chem200Q 65, 2393-2398.
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Table 1. Synthesis of Fluor®C-Glycosides

Xy OTBDPS )( OTBDPS o OTBDPS o OTBDPSY
3 iorii X O ", oriv o X vi )( o &
HOOC” R — o , R R o © R
6a-h SPh OH
7a-h 8a-h 9a-h 10a-h

(i) 6a-f, h + 5, DCC, DMAP, CgHg; (i) 6g + 5, 2,4,6-trichlorobenzoyl chloride; Et;N, THF then 5, DMAP, toluene; (iii) Tebbe
reagent; (iv) Takai reagent; (v) MeOTf, DTBMP, CH,Cl,, MS 4A; (vi) BHs. Me,S, THF; then Nay,O,

6a-h 7a-h (%) 8a-h (%) 9a-h (%) 10a-h (%)*
OTBDPS
F{/\/ Xo EN
o >
HOOC 7a (95) 8a (83) 9a (73) o
6a OH

10aX=H,v=F
%gm:x FY=H 70

OTBDPS
H F (CHy)15CHg XO o y (CHz)13CHsy
HOOCM (CHpysCH; 7B (95) 8b (95) 9b (80) o (CHp)15CHg

OH

10bX=H,Y=F
gg)):WbX:F,Y:H (61)

o OTBDPS
HOOC 7c (86) 9c (71) X oY %nO OBn
OBn 8c (80) o

OBn OH OBn
(A10c X=H, Y =F —
(S)-10cX=F’Y=H (70)

/A‘%\ Xo OTBDPS
HOOC
o 7d (68) 8d (77) 9d (83) w&an

(RF10dX=H, Y =F oo
HF (9-10dX=F,Y=H
HOOC)<©
de 7e (78) 8e (00) - -
o OTBDPS
Pk o FUF
Ho0C S~ 7t (85) 8f (55) of (81) 0
6f OH
gno
OTBDPS BnO
o OTBDPS
HOOC&OBH 7g (76) 89 (69) 9g (82) X oTeoRS
F OBn OBn
6g OBn
X e
HoOC XO .
7h (92) 8h (50) oh (75) o R F
6h o
10h (75)

* Note the change in priorities of the carbon substituents attached to fluorinated carb@d iielative to10a—c.

noacetat@®?* followed by hydrogenation and hydrolysis 12%2 was subjected to a cross metathesis with allyltrimeth-
steps (Scheme 2). This protocol was also usedlfdout is ylsilane under an atmosphere of ethylene to gh&?®
not applicable to fluoroacids such &g, which contain a  Treatment of the mixture of allylsilands3 with Selectfluor
3-alkoxy substituent. Fdd, the fluorination of an allylsilane  provided an approximately 1:1 mixture of diastereomeric
precursor was explored.The known carbohydrate alkene allylic fluorides, which was processed 6al via a standard
oxidative sequence. Known difluoridedf and 6h were

(21) Reynolds, G. A.; Hauser, C. Arganic SynthesedWiley: New obtained by treatment of the ketoester precursors with
York, 1963; Collect. Vol. IV, pp 708 710. Purrington, S. T.; Woodard, D. 27 g
L. J. Org. Chem199Q 55, 3423-3424. DAST 2" This procedure was not successful for the more

(22) Wong, C.-H.; Moris-Varas, F.; Hung, S.-C.; Marron, T. G.; Lin, complex carbohydrate difluoridég. Therefore, using a
C.-C.; Gong, K. W.; Weitz-Schmidt, @. Am. Chem. So&997, 119, 8152~

8158.
(23) Sano, S.; Ando, T.; Yokoyama, K.; Nagao, ¥ynlett1998 777— (25) Thibaudeau, S.; Gouverneur, @rg. Lett 2003 5, 4891-4893.
779. Bargiggia, F.; Dos Santos, S.; Piva3ynthesi®002 427-437. Moon, (26) Chen, G.; Schmieg, J.; Tsuji, M.; Franck, R. @tg. Lett 2004 6,
H. R.; Kim, H. O.; Jeong, L. S]. Chem. Soc., Perkin Trans2002 1800— 4077-4080.
1804. Sano, S.; Saito, K.; Nagao, Yetrahedron Lett2003 44, 3987 (27) For6f: Dubowchik, G. M.; Padilla, L.; Edinger, K.; Firestone, R.
3990. Suzuki, Y.; Sato, MTetrahedron Lett2004 45, 1679-1681. A. J. Org. Chem 1996 61, 4676-4684. For6h: Middleton, W. J;
(24) For a related Julia procedure: Zajc, B.; KakeO8g. Lett 2006 Bingham, E. M.J. Org. Chem198(Q 45, 2883-2887. Haele, G.; Haas,
8, 4457-4460. A. J. Fluorine Chem1996 76, 15-19.
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Scheme 2. Synthesis of Fluorinated Acids

Bno —OBn 1. (E10);POCHFCO,EL, B0 ~OBn
o) NaH, THF then 11, 68% OBn
OBn OBn
OB 5 H, 10% Pa/ALOg, HooC
CHO EtOAc g
11 3.0.2 N NaOH, EtOH, 6c
then
1 N HCI, two steps, 60%
BnO ~OBn 1. allyl-TMS, Grubbs Il cat, BnO ~OBn
0 0Bn  CHp=CHy, CH,Cl,, 89% o OBn
OBn —_—— OBn
o
: N
CH=CHCH, 2. SelectfluorTM, CHZCN, 60% .
12 13
1. (i) Og, CHClp, 78 °C; (ii) PhgP, BnO ~OBn
97% 0 0OBn
OBn
2. NaClO,, NaHPO,.H,0, CH5CN- H
H,0, 99% O0C™ g
6d

OBn 1. BrCF,CO,Et, Zn,
OHC N THF, reflux then 14
——

OBn OBn 2. AcO, DMAP,

EtOAc, two steps,
14 35%

1. NaOMe, MeOH, 83%

2. m-CPBA, CH,yCl,, aq
NaH,PO,4/
Na HPO,, 74%

1. NaOMe, MeOH then
HCl/ether

2. TMSN,CH, MeOH, mixture
of diast. 52%

3. TBDPSCI, imidazole, DMF,
50 °C,
69 (59%) + diast (39%).

OAc OBn
EtO.C N
F° F OBn OBn
15
OH OBn o
MeO,C

F° F OBn OBn

16
BnO ~OTBDPS
0 OBn
OBn
N F
[e[e]e} F
6g

ion cyclizations were promoted with methyl triflate in the
presence of 2,6-dert-butyl-4-methylpyridine (DTBMP) and
freshly activated, powdered molecular sieves. Early experi-
ments suggested that these fluorinated glycal products were
more sensitive to base (than the analogues without fluorine),
and this required attention to the concentration of DTBMP
used. In the event, producds—d and9g,h were obtained

in generally good yields. The hydroboratieaxidation on

the glycals was performed using borane-dimethyl sulfide
under standard conditions and afforded the desired mono-
and difluoroC-glycosidesl0a—d and 10gh, with no evi-
dence of the diastereomeric hydroboration products. For the
monofluoro compounds, an approximately 1:1 ratio of
chromatographically separableR)(and @ epimers were
obtained.

For assignment of the configuration at the fluorinated car-
bon (R)-10awas prepared by repeating tleglycosidation
protocol on enantiomerically pur&)-2-fluorohexanoic acid.
Epimeric fluorides R)-100/(9-10b and [R)-10d(S)-10c
were then tentatively assigned by NMR comparisons with
(R)-10&/(9)-10a(see Supporting Information)/NOE NMR
data, molecular mechanics and molecular dynamics calcula-
tions were used to assigR)¢10d and §)-10d.33

We also examined the H NMR of epimem®){10a and
(9-10afor evidence of intramolecualr ©H—F hydrogen
bonding. Interestingly, for solutions in¢Ds that were
pretreated with alumina, the OH proton iR){10aappeared

as a doublet of doublets, whereas the corresponding signal

variation of a known strateg?, 15, a suitable precursor to  for (S-10awas a doublet, suggesting that hydrogen bonding
60, was first prepared by the reaction of the Reformatsky- Was significant in the former but not in the latter. The
like reagent from methyl bromodifluoroacetate and the generality of these observations remains to be evaluated.
known aldehydel4.?° This led to a mixture of epimeric In summary, a convergent synthesis/bC-galactosides
alcohols, from whichl5 was separated and subjected to with one or two fluorine substituents on the pseudoanomeric
epoxidation withmCPBA. Base-mediated cyclization of the  substituent has been developed. This method is especially
epoxide mixture provided an approximately 1:1 mixture of appropriate for analogues that contain highly substituted
the desired tetrahydropyran and the epimeric cyclization aglycone segments as, for exampleCulisaccharides.
product. The difluoroacicdg was obtained after silylation
of the primary alcohol, chromatographic separation, and  acknowledgment. This investigation was supported by
hydrolysis of the ester. grants R01 GM57865 and SCORE S06 GM60654 from the
The four-step C-glycosidation sequenasterification- National Institute of General Medical Sciences of the
ester methylenationroxocarbenium cyclizationhydrobo-  National Institutes of Health (NIH). A “Research Centers in
ration was successful in all cases except for fluoropheny- vinority Institutions” award RR-03037 from the National
lacetic acid 6¢ (Table 1). Esterification reactions were center for Research Resources of the NIH, which supports
performed under standard DCC conditions, except for the the infrastructure and instrumentation of the Chemistry

reaction of difluoroacidéh, for which the Yamaguchi Department at Hunter College, is also acknowledged.
protocol was more effectiv®. Ester methylenation was

successfully performed using the Tebbe or Takai reagent,
except for the reaction of the fluorophenylacetagewhich
yielded an intractable mixturf@:32 The key oxocarbenium

Supporting Information Available: Experimental pro-
cedures, characterization data, and copies of NMR spectra.
This material is available free of charge via the Internet at
http://pubs.acs.org.

(28) Marcotte, S.; D'Hooge, F.; Ramadas, S.; Feasson, C.; Pannecoucke,
X.; Quirion, J.Tetrahedron Lett2001, 42, 5879-5882. Li, Y.; Drew, M.

G. B.; Welchman, E. V.; Shirastava, R. K.; Jiang, S.; Valentine, R.; Singh, OL070169I
G. Tetrahedron2004 60, 6523-6531.

(29) Skaanderup, P. R.; Hyldtoft, L.; Madsen,Nonatsh. Chem2002
133 467-472.

(30) Inanaga, J.; Hirata, K.; Saeki, H.; Katsuki, T.; YamaguchiBull.
Chem. Soc. Jprl979 52, 1989-1993. White, J. D.; Blakemore, P. R;
Browder, C. C.; Hong, J.; Lincoln, C. M.; Nagornyy, P. A.; Robarge, L.
A.; Wardrop, D. JJ. Am. Chem. So2001, 123 8593-8595.

(31) Pine, S. H.; Shen, G. S.; Hoang, $iynthesisdl 991 165-167.

(32) Takai, K.; Kakiuchi, T.; Kataoka, Y.; Utimoto, KI. Org. Chem.
1994 59, 2668-2670. Postema, M. H. D.; Calimente, D.; Liu, L.;
Behrmann, T. LJ. Org. Chem200Q 65, 6061-6068.

(33) Peez-Castells, J.; Hefmaez-Gay, J. J.; Denton, R. W.; Tony, K.
A.; Mootoo, D. R.; Jimeez-Barbero, JOrg. Biomol. Chem2007, DOI:
10.1039/B615752A.

1444 Org. Lett, Vol. 9, No. 8, 2007



